Cardamine yezoensis Maxim., an edible wild Brassicaceae plant, is mainly found along river banks in the mountains of Hokkaido, Japan. For the purpose of domesticating this plant as a novel vegetable, an asexual propagation method for C. yezoensis nursery plants utilizing in vitro culture and appropriate hydroponic culture conditions was investigated. Leaf sections from wild plants were successfully regenerated in vitro using a combination of 0 to 1.0 µM 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.1 to 1.0 µM 6-benzylaminopurine (BA) as growth regulators. Nursery plants of uniform size were obtained using the following 2-step in vitro culture process. Asexual propagation was achieved by incubating approximately 1 × 1 mm leaf blade and petiole sections excised from in vitro plantlets in a medium containing 0 to 0.1 µM 2,4-D and 0.1 µM BA as growth regulators. This was followed by successive subculture of axillary buds of propagated plants in a medium containing 0.04 to 0.44 µM (0.01 to 0.1 mg·L −1 ) BA as a growth regulator. Well-grown edible plants were harvested after 60 days of hydroponic culture with liquid fertilizer at an electrical conductivity of 0.5 to 1.0 dS·m −1 .
Introduction
Cardamine yezoensis Maxim., which is called "Ezowasabi" in Japanese, is an edible wild plant mainly found along river banks in the mountains of Hokkaido, Japan (Fig. 1A) , and is a perennial grass plant belonging to the family Brassicaceae. It has a thick rhizome and many tender and serrated cauline leaves that grow on the upper part of the rhizome, as observed in wasabi (Wasabia japonica Matsum.) (Fig. 1C) . Its unique bitterness and hot flavor make it a popular wild vegetable, particularly in Hokkaido. This particular taste is due to its sulfur-containing secondary metabolites, namely, glucosinolates (GLS). These compounds are precursors and are enzymatically broken down to highly bioactive isothiocyanates (ITCs) (Rodman and Chew, 1980) . Approximately 120 GLS have been identified in 15 families of dicotyledonous plants (Fathy et al., 2001) and 8 different GLS have been found in 5 Cardamine species (Cole, 1976; Danielak and Borkowski, 1969; Daxenbichler et al., 1991; Rodman and Chew, 1980) . Recent studies have demonstrated that some ITCs have health-promoting activities in humans, such as participation in cancer prevention (Zhang and Talalay, 1994) ; therefore, Brassicaceae plants have been recognized as health-promoting vegetables (Moreno et al., 2006; Verhoeven et al., 1997) . C. yezoensis is a novel candidate health-promoting Brassicaceae vegetable; however, due to an increase in the popularity of edible wild vegetables among consumers, a number of edible wild plants, including this plant, are facing extinction as a consequence of excessive harvesting. A number of studies are being conducted today on edible wild plants that focus on both conservation and domestication (Kanazawa et al., 1995 (Kanazawa et al., , 1997 Yabe et al., 1986) .
The process of domesticating wild plants generally consists of conservation, seed and seedling production via sexual or asexual propagation, and cultivation. There have been many previous studies on the regeneration and micropropagation of Brassicaceae species using tissue culture (Clare and Collin, 1974; Dunwell, 1981; Hung et al., 2006) including wasabi. Focusing on cultivation, hydroponic culture has recently been widely promoted as an efficient cultivation system for leafy vegetables. Some other Brassicaceae plants such as "Komatsuna" (spinach mustard, Brassica rapa var. peruviridis) and "Mizuna" (pot herb mustard, Brassica rapa L. var. nipposinica) are commercially harvested using hydroponic culture.
It should be noted that a large number of seedlings or nursery plants is required for the domestication of C. yezoensis; however, few studies have been conducted with regard to the mass propagation system using tissue culture and domestication of this plant as well as investigation of its secondary metabolite constituents, and no seed production technique has yet been developed. Thus, for any kind of further investigation, a mass propagation method for nursery plants of C. yezoensis first needs to be developed. In this study, we attempted to develop an asexual propagation method for C. yezoensis utilizing an in vitro culture system; we then aimed to determine the appropriate electronic conductivity (EC) of nutrient solution in a hydroponic cultivation system for this plant.
Materials and Methods

Plant materials
Wild-grown plants of C. yezoensis were collected in June 2004 from a riverbank in a mountain forest of Bibai City in Hokkaido (Bibai is located 60 km northeast of Sapporo). The plants were potted with sandy loam soil, placed in a plastic container, and maintained in a greenhouse with continuous overflow of tap water (Fig. 1A, B) .
Primary culture
Explants were prepared using cauline leaves which respectively consisted of 20-30 mm diameter of leaf blade and 150-200 mm length of petiole. Sections of leaf blades and petioles of approximately 1 × 1 mm were excised from wild-grown plants and used as explants. The explants were surface sterilized with 70% ethanol and NaClO solution and then placed on culture medium. The explants were cultured on Murashige and Skoog basal medium (Murashige and Skoog, 1962) in which the inorganic salt concentration was reduced to 50% of that in MS (1/2 MS); the medium contained 30 g·L −1 sucrose; 7 g·L −1 agar; 0, 0.1, 1.0, or 10 μM 2,4-dichlorophenoxyacetic acid (2,4-D); and 0, 0.1, 1.0, or 10 μM 6-benzylaminopurine (BA) as growth regulators (pH 5.7). Ten explants per treatment were incubated under the condition of 25°C and 16 h of illumination with 60 μmol·m −2 ·s −1 . The rate of shoot and/or callus formation and the numbers of shoots and/or calli formed were investigated after 30 days of culture. The experiment was not repeated because the primary culture was conducted only to obtain appropriate in vitro plantlets.
In vitro propagation utilizing leaf blade and petiole sections, and successive subculture Leaf blade and petiole sections (approximately 1 × 1 mm) from in vitro grown plantlets obtained through the primary culture were used as explants. Ten explants per treatment were placed on the same medium as that used in the primary culture and incubated under the same conditions as those used in the primary culture. The rate of shoot and/or callus formation and the numbers of shoots and/or calli formed were investigated after 30 days of incubation. The experiment was repeated 3 times.
In addition to propagation culture, successive subcultures were required to obtain nursery plants of uniform size for hydroponic cultivation. We attempted to develop appropriate conditions for the subculture of axillary buds from the propagated in vitro plantlets. Ten stem sections from in vitro plantlets (approximately 5 mm) with axillary buds were placed on 1/2 MS basal medium containing 30 g·L −1 sucrose; 7 g·L −1 agar; 0, 0.54 or 5.37 μM (0, 0.1, or 1.0 mg·L (Linsmaier and Skoog, 1965) , N6 (Chu, 1978) , B5 (Gamborg et al., 1968) , White (White, 1963) basal medium, or in a medium containing 3.5 g·L −1 Hyponex (Hyponex Japan Co., Osaka) with 30 g·L −1 sucrose, 7 g·L −1 agar, and 0.44 μM (0.1 mg·L −1 ) BA (pH 5.7). The cultures were incubated under the same conditions as in the above mentioned experiment. The number of leaves and roots was determined after 45 days of culture. The experiment was repeated 3 times.
Hydroponic culture
Nursery plants of C. yezoensis were obtained as follows. Stem sections from in vitro plantlets grown on 1/2 MS basal medium containing 30 g·L −1 sucrose, 7 g·L −1 agar, and 0.44 μM (0.1 mg·L −1 ) BA (pH 5.7) were incubated under the same conditions as in the above experiment for 90 days. The plants were extracted from the medium and washed with tap water until the agar was completely removed. On October 30, 2006, nursery plants were planted directly after washing through the holes (diameter, 2 cm) of a styrofoam board (30 × 40 × 1.0 cm; 25 holes; row 5 and column, 5) containing small sponges for support. The boards and plants were floated in plastic containers (32 × 42 × 21.5 cm) filled with hydroponic fertilizer (Otsuka A formula; Otsuka Chemical Co., Osaka, Japan). The concentrations of the liquid fertilizer were adjusted to electrical conductivity (EC) of 0.5, 1.0, 2.0, and 4.0 dS·m −1 as experimental treatments. Each container was continuously aerated using an electric pump. Each treatment was repeated 3 times. The plants were grown for 60 days in a greenhouse with natural daylight and air heating. The heating system was controlled so that temperature was maintained between 5 and 25°C. The liquid fertilizer was replaced every 2 weeks with freshly prepared solution. Plant height, leaf length, and leaf numbers were measured every 3 or 4 days after planting. The plants were harvested after 60 days of cultivation. The survival rate and yields (fresh weight) of leaves, stems, and roots were determined after harvest. For the purpose of avoiding border effects on the investigation, 9 plants from each container grown in the inner rows and columns were used for all measurements.
After harvest, leaf regeneration from rhizomes was examined utilizing plants grown in the border rows and columns. Rhizomes and roots were left in the culture system at harvest, and plant culture was continued under the same conditions.
Results
Primary culture
Tissue survival and plant regeneration were observed only when leaf sections were used as explants. All petiole sections died due to contamination. Survival rates varied among treatments. This large variation in survival rates was also the result of contamination. The explants that survived formed adventitious buds when a combination of 2,4-D and BA were used at concentrations ranging from 0 to 0.1 μM. More than one adventitious bud was formed per explant (Table 1) . Each adventitious bud regenerated into a whole plantlet approximately 30 days after transplantation into medium without growth regulators (Fig. 2) . The regenerated plantlets were approximately 2-3 cm tall with complete rosulate leaves, rhizomes and roots. Callus formation was observed at a 2,4-D concentration higher than 1.0 μM, irrespective of the BA concentration.
In vitro propagation utilizing leaf sections and successive subcultures When leaf blade sections were employed as explants, the survival rate ranged from 30.0% to 96.6%, and a wide variation in survival rates was observed among some treatments (Table 2) . A low survival rate and no plant regeneration were observed in the absence of growth regulators. The rates of adventitious bud formation were observed to be higher at a BA concentration of 0.1 μM than at 0 and 1.0 μM in the presence of 0 to 1.0 μM 2,4-D (70.0%, 81.9%, and 28.3% respectively). A greater number of adventitious buds formed at a 2,4-D concentration of 0 and 0.1 μM than at other concentrations. When a combination of 1.0 μM 2,4-D and 0-0.1 μM BA was used, higher rates of multiple shoot formation subsequent to callus formation were observed than with other combinations of these growth regulators. At a concentration of 10 μM 2,4-D, only callus formation was observed, irrespective of the BA concentration (Table 2 ). The multiple shoots formed in this experiment and the calluses induced at a 2,4-D concentration of 10 μM were divided into small sections and transplanted to 1/2 MS medium without growth regulators. A number of explants regenerated into whole plantlets after successive cultures; however, the leaves of some of those plants were round while those of wild Table 1 . Examination to optimize primary culture conditions by using leaf blade sections from wild-grown Cardamine yezoensis plants. and adventitious bud-regenerated plants were serrated (Fig. 3G) . When petiole sections were used as explants, the survival rate varied from 0% to 96.7%. The survival rates were rather low (0-6.7%) in the absence of 2,4-D (data not shown). This observation was clearly different from that in the case of leaf blade section culture. A high rate of adventitious bud formation without multiple shoot formation was observed only when a combination of 0.1 μM each of 2,4-D and BA was used. Other plant regeneration characteristics were similar to those observed in leaf blade section culture. As well as in leaf blades, the divided multiple shoots and calluses regenerated into whole plantlets, with occasional differentiation of leaf shape.
When axillary buds were used as explants in successive subculture, all explants regenerated into whole plants except with 4.44 μM (1.0 mg·L −1 ) BA, in which poor rooting was observed. Higher numbers of leaves (5 to 7 leaves per plantlet) and roots (2 to 3 roots per explant) formation were observed when a combination of 0-0.54 μM (0-0.1 mg·L −1 ) NAA and 0.04-0.44 μM (0.01-0.1 mg·L −1 ) BA was used. The numbers of roots decreased with an increase in BA concentration, irrespective of the presence of NAA. Axillary buds successfully regenerated into whole plantlets on almost every basal medium and even on Hyponex medium with the exception of White medium, in which poor rooting was observed.
Hydroponic culture
The mean survival rates of EC 0.5, 1.0, 2.0, and 4.0 treatments were 100%, 100%, 74.1%, and 3.7%, respectively. The total yields (sum of leaves, stems, and roots) of EC 0.5, 1.0, 2.0, and 4.0 treatments were 106.7, 108.0, 80.6, and 1.4 g, respectively (Fig. 4) . Higher yields per plot were observed in EC 0.5 and 1.0 treatments than in the other treatments; however, there was not much difference in the yield per plant among the treatments ranging from EC 0.5 to 2.0 (Table 3) . Plant height in EC 2.0 was significantly lower than with EC 0.5 and 1.0 treatments; however, no significant difference was observed among EC 0.5 to 2.0 treatments with regard to leaf length, number of leaves, and yield Table 2 . Examination to optimize culture conditions by using leaf blade sections from in vitro-grown Cardamine yezoensis plantlets.
z Mean ± SE. Ten explants per treatment were cultured for 30 days. Each treatment has 3 replicates. All rates were calculated with the numbers of survived explants. T. Maeda, D. Kami, S. Kido, I. Nakamura, K. Otokita, T. Sato, T. Suzuki, K. Oosawa and M. Suzuki 274 per plant of leaves (Tukey's test P < 0.05, n = 3, Table 3 ); therefore, the lower yield observed in EC 2.0 treatment compared to EC 0.5 and 1.0 was due to plant loss resulted from die back. In the EC 4.0 treatment, most of the plants died back within 2 weeks after planting, and significant suppression of growth and yield was observed after 60 days of cultivation (Fig. 5) . Leaves regenerated from axillary buds on rhizomes and grew to the same size as the leaves of the first harvest within 1 month.
Discussion
In primary culture using leaf blade and petiole sections as explants, direct adventitious bud formation and plant regeneration were observed in treatments using 0-0.1 μM 2,4-D and 0.1-1.0 μM BA. These combinations of growth regulators also induced direct adventitious bud formation in the following in vitro propagation culture. Dunwell (1981) successfully obtained regenerated plantlets subsequently to adventitious bud formation of B. oleracea, B. napus and B. campestris by leaf disc culture. In the report, each species required a particular auxin and cytokinin combination for optimum growth. On the other hand, in a micropropagation of W. japonica Plants were harvested after 60 days of hydroponic culture in a greenhouse. Nine plants per plot grown in the inner rows and columns of the plot were used for measurements. Leaves, stems, and roots were weighed separately.
using rhizome shoot tips as explants, 0.2 to 5.0 μM of BA with no auxin showed rather preferable results (Hung et al., 2006; Yamada and Haruki, 1992) . In this study, leaf blade sections of C. yezoensis that regenerated adventitious buds on particular combinations differed from those for other Brassicaceae species (no or a lower concentration of auxin and relatively lower BA concentration). Although surface sterilization was conducted thoroughly, contamination was frequently observed in both leaf and petiole section cultures. The difficulty of surface sterilization is also reported on W. japonica, due to its rosulate shape and habitat surrounded by water (Yamada and Haruki, 1992) . Based on these results, we concluded that a leaf blade section was an appropriate explant for primary culture of this plant.
When both leaf blade and petiole sections from in vitro plantlets were used as explants, direct adventitious bud formation was observed on medium containing 0-0.1 μM 2,4-D and 0.1 μM BA. A high rate of multiple shoot formation (subsequent to callus formation) and then only callus formation were observed in accordance with 2,4-D concentration over 1.0 μM, irrespective of the BA concentration. Multiple shoots and calli were regenerated into whole plants after division and subculture; however, the leaf shapes of some of the regenerated plants were different from those of wild plants while the leaves of regenerated plants from adventitious buds were quite stable in shape. It has been reported that 2,4-D is commonly used to induce embryogenesis, whereas it often causes somaclonal variation (Bayliss, 1973; Pavlica et al., 1991) . As far as C. yezoensis is concerned, such somaclonal variations seemed to occur during callus formation and subsequent plant regeneration. Efficient in vitro asexual propagation of C. yezoensis was achieved by utilizing both leaf blade section culture with 1/2-MS medium containing 0-0.1 μM 2,4-D and 0.1 μM BA and petiole section culture in medium containing a combination of 0.1 μM 2,4-D and 0.1 μM BA as growth regulators so that direct adventitious bud formation was induced. However, further investigation of the growth regulators is still needed to avoid somaclonal variation. On successive subculture, axillary buds were efficiently regenerated into whole plants on 1/2 MS, MS, LS, B5, N6, and even Hyponex medium with 0.44 μM (0.1 mg·L −1 ) BA. The result that Hyponex fertilizer could be used in the culture medium might contribute to labor-saving production of nursery plantlets in the near future.
In hydroponic culture using nursery plants obtained from in vitro propagation, the C. yezoensis plantlets demonstrated appropriate growth at the electrical conductivity (EC) of nutrient solution 0.5 and 1.0 dS·m −1 . The EC of liquid fertilizer is generally set at approximately 1.5 to 2.5 dS·m −1 or higher for commercial cultivation of other leafy vegetables such as lettuce and rocket (Eruca sativa) (Nicola et al., 2005; Savvas et al., 2006) . Oguni et al. (2005) used nutrient solution of EC 1.2 dS·m −1 in the hydroponic cultivation system of wasabi. With such a rather poor nutrient condition compared to other vegetables, C. yezoensis plantlets grew to a size appropriate for commercial use within 60 days in early winter without any acclimation, despite severe climatic conditions such as low temperature and poor sunshine. Wild plants of C. yezoensis grow along river banks in mountains. This habitat characteristic probably contributed to the high adaptability of this plant under conditions of poor nutrition, poor sunshine, and low temperature. The time-course development of plant growth was monitored throughout cultivation. It was clarified that during early winter cultivation, the leaf length and number of leaves increased rapidly within 3 to 5 weeks after planting, and the plant height increased rapidly from 4 weeks after planting until harvest. Further investigation needs to be carried out with regard to the growth and yield of this plant in other seasons. New leaves regenerated from rhizomes that were left in the hydroponic system; these leaves grew to the same size as the first harvest within approximately one month. This result suggested that C. yezoensis could be harvested repeatedly for a long period without replanting. Based on the results of this study, an in vitro asexual propagation method for C. yezoensis plantlets was developed. This method could be described as follows: first, leaf blade sections from wild plants were used as explants for primary culture. In vitro propagation using leaf blade and petiole sections as explants was then carried out, followed by successive subculture using axillary buds as explants. This method enabled a number of nursery plants of uniform size to be obtained. The nursery plants could be easily grown by hydroponic culture with a relatively low concentration of liquid fertilizer. In addition, leaves were easily and rapidly regenerated from rhizomes. These results suggested that C. yezoensis could be domesticated as a novel vegetable in the near future. The plant will be further investigated regarding both culture methods for commercial production and nutrient constituents, such as vitamins, GLS, and flavonoids. Methods for the in vitro propagation and hydroponic culture of this plant will contribute to further investigation and domestication of this unique plant.
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